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Abstract 
Platelets have been shown to be a main contributor to thrombus formation in stenotic 
arteries leading to acute coronary syndromes. It is thought that increased activation and adhesion 
of platelets under variable shear and complex flow conditions contribute to thrombosis. The 
objective of this work was to evaluate the relationship between asymmetric stenosis 
hemodynamics and platelet adhesion using in-vitro models developed to properly simulate 
physiological conditions. In this study, platelet rich plasma was circulated through stenotic and 
straight coronary artery models. Adhesion results were obtained by post-perfusion fluorescent 
labelling and imaging of adhered platelets. Analysis of platelet area coverage has shown 
maximum adhesion occurs in the distal region of the stenosis. Most likely this is due to increased 
exposure time of platelets to the wall of the recirculation zone following the stenosis and that 
exposure being directly after a period of high shear stress. This resuh gives us a better 
understanding of the importance of both shear and flow conditions in coronary artery thrombosis. 
iii 
Résumé 
li a été démontré que les plaquettes jouent un rôle majeur dans la formation de thrombus 
d'artères stenosées suite à leur activation et adhésion accrues par des conditions de cisaillement 
variable et d'écoulement complexes. L'objectif de ce travail était d'évaluer le rapport entre l'effort 
de cisaillement et l'adhérence des plaquettes en utilisant des modèles in vitro qui simulent 
correctement des conditions physiologiques. Dans notre étude, le plasma riche en plaquettes a été 
perfusé dans des modèles d'artères cononaires avec et sans sténose. Des résultats d'adhérence ont 
été obtenus par microscopie de fluorescence des plaquettes adhérées après la perfusion. L'analyse 
des domaines d'adhésion des plaquettes a montré que l'adhérence maximum se produit dans la 
région distale de notre modèle avec sténose. C'est probablement c'est dû au plus grand temps 
d'exposition des plaquettes à la parois dans la zone de recirculation suivant la sténose et ayant 
lieu directement après une zone de cisaillement élevé. Ces résultats contribuent à une meilleure 
compréhension de l'importance des conditions de cisaillement et d'écoulement dans la formation 
de thrombus. 
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1. Introduction 
Cardiovascular disease is any abnonnal condition characterized by the dysfunction of the 
heart or blood vessels. This definition includes coronary heart disease, valve disease, heart 
electrical system problems and strokes. It is the number one killer in Canada and accounted for 
74,626 deaths in 2002, amassing to an economic cost of $18 billionlyear based on 1998 data 
(Canadian Heart and Stroke Foundation). Research in this field has been ongoing for the past 
century but only recently has it moved away from mechanical based solutions to solutions based 
on the biochemistry and biology of the disease. Due to the complexity of the disease process, 
progress has been slow but is beginning to show hope for developing new treatment options. 
Platelets have been intensely researched due to their involvement in cardiovascular disease 
development, particularly in heart attacks and strokes. 
Under nonnal physiological conditions platelets circulate in blood and respond to vessel 
injury by changing shape, secreting their granule contents and aggregating (Italiano et al., 1999). 
Ultimate1y the injury is repaired and platelet activation returns to nonnal levels. In diseased 
arteries, platelets can react in a very similar matter and fonn a thrombus at or following a 
restriction in the vessel due to atherosclerotic plaque (stenosis) (Ruggeri et al., 2000). This 
thrombus can then either fonn a blockage in that area of the vessel or travel downstream and clog 
a smaller diameter vessel, ultimately leading to a heart attack or stroke (Andrews et al,. 1997). 
Reasons for the activation of platelets in these situations is up for debate but studies have shown 
that both high and low wall shear stress (WSS) can contribute to increased platelet activation and 
transport in these regions (Andrews et al,. 1997; Maxwell et al., 2006; Weeterings et al., 2006). 
To date, in-vitro models have provided important findings on the relationship 
between shear stress and platelet function but are lacking in their ability to properly simulate 
physiological conditions. Perhaps most importantly, geometrical and flow considerations have 
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largely been ignored. This study attempts to bridge that gap by using 3D tubular models to 
analyze platelet adhesion under high shear and complex flow conditions. 
2 
2. Objectives 
The objective of this work was to investigate the link between platelets and shear stress 
using in-vitro 3D, tubular stenotic and straight coronary artery models. The following questions 
were to be answered: 
Do the hemodynamics created by an asymmetric stenosis increase platelet adhesion? 
Is platelet adhesion focal in a stenotic geometry? 
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3. Background 
3.1. Stenosis 
In a tubular organ or structure, a stenosis can be defined as any abnormal narrowing of 
that geometry. Of specific interest to this study, stenotic arteries are caused by the narrowing of 
blood vessels (atherosclerosis) and can be found throughout the body. Figure 3.1 shows an 
illustration of an atherosclerotic plaque in a coronary artery. 
Figure 3.1. Healthy and Atherosclerotic Arteries (Adapted from the University of Surrey, 2007) 
These plaques are thought to be initiated by the dysfunction of endothelial cells lining the artery, 
followed by the build up of cholesterol and lipids and hyperplasia of the vessel walls, eventually 
leading to the formation of an atherosclerotic lesion. The largest proportion of this les ion can 
consist of lipids and cholesterol, with the remainder being compounds such as calcium and fibrin. 
Fibrin acts as a stabilizing material both within the plaque and as the main component of a 
fibrous cap formed on mature les ions (Egbrink et al., 2005). 
Due to the dramatic change in vessel diameter and structure of stenotic arteries, profound 
effects can be seen in local blood flow behavior. For instance, shear rates vary dramatically 
proximal to distal of the plaque with wall shear rates as high as 10000 S-I, 100 times greater than 
in healthy arteries, located before and/or at the stenosis apex (Ruggeri et al., 2006). Additionally, 
blood flow patterns change, resulting in complex laminar flow that causes the formation of eddies 
4 
and low wall shear stress in the distal region. This results in platelets undergoing periods of high 
shear stress in the proximal and peak regions followed by recirculation and low shear stress distal 
to the stenosis. Consequently, platelets interact differently with the vessel wall and other blood 
components when exposed to conditions found in diseased arteries compared to healthy vessel 
interactions. 
3.2. Platelets 
For homeostasis and thrombosis processes to occur the following platelet interactions are 
required. First, adhesion of glycoprotein' s on the surface of platelets to extracellular matrix 
(ECM) proteins such as von Willebrand factor (vWf), collagen, fibronectin, vitronectin and 
laminin. This is followed by aggregation with each other to make a platelet plug and heterologous 
adhesions with other cells (Kieffer and Phillips, 1990). Specific glycoproteins on the platelet 
surface regulate aIl of these processes (Andrews et al., 1997; Kieffer and Phillips, 1990). The 
initial step involves complex interactions between receptors on the platelet surface and adhesive 
substrates (Kulkami et al., 2000). Under low shear conditions the main association is 
glycoprotein GP la/lIa with collagen in the ECM but under high shear the dominate adhesion 
pathway becomes the binding of GP !bu with vWf (Kulkami et al., 2000). Aggregation occurs 
when free flowing platelets expressing GP !bu bind with vWf on the surface of activated platelets 
(Kulkarni et al., 2000). Finally the aggregate is stabilized with the irreversible binding of integrin 
UrIb P3 to vWf or fibrinogen (Kulkami et al., 2000). 
Vessel wall components and other compounds within the body regulate platelet function. 
Upon initial damage to the cellular wall, exposed subendothelium contains a number of platelet 
activating factors such as thrombin, ADP, thromboxane, platelet activating factor and scrotonin 
(Davis et al., 2003). Once activated, platelets release proinflammitory compounds including 
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cellular adhesion molecules, cytokines, chemokines and other growth factors, as well as 
expressing ligands such as P-selectin (Davis et al., 2003). These factors work to recruit additional 
platelets to the site of vascular injury, promoting further adhesion, activation and aggregation. 
3.3. Platelets under High Shear and Complex Flow Conditions 
High WSS alters the way in which platelets interact with ECM proteins and how they are 
transported to the vessel wall. As mentioned above, the adhesion pathway mainly occurs through 
the binding of GP Ibu with vWf. Thrombus formation can occur without vessel injury due to vWf 
expression by endothelial ceUs and in circulation plasma. Concurrently, high WSS results in a 
decrease in endothelial production of antithrombic compounds such as nitric oxide and 
prostacyclin. This combined with the np-regulation of prothrombic and proinflammitory factors 
discussed above further promotes thr·;)mbus formation (Huo and Ley, 2004). Platelets have also 
been shown to concentrate near the artery wall under high shear conditions (Wootton et al., 
2001). This is due to the shear thinning behavior of blood that results from red blood cells 
migrating in the middle of the artery, pushing platelets towards the wall. Consequently, higher 
numbers of platelets are exposed to activating factors of the vessel wall when compared to low 
shear conditions. 
High shear rates, turbulence, and areas of stagnation or recirculation are sorne fluid 
mechanical factors that are believed to effect both activation and aggregation (Einav and 
Bluestein, 2004). It is the combination of these fluid mechanical factors and the biochemical 
reactions associated that likely cause increased thrombus formation in these regions. The 
resulting complicated flow patterns effeet platelet activation, thrombus formation and overall 
physiological blood circulation (Mates et al., 1978; Wootton et al., 2001; Zhang et al., 2002). 
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3.4. Atherothrombosis and Embolization 
Within stenotic arteries, clinical events are most often caused by atherothrombosis, the 
generation of thrombus by an atherosclerotic plaque. This most frequently happens because the 
atherosclerotic plaque is unstable and damage to the fibrous cap occurs. Damage to this cap can 
initiate an anti-inflammatory response very similar to platelet response to a damaged vessel. 
Platelets activate and adhere to the site, initiating the process and leading to aggregation and 
thrombus formation. This thrombus can block flow in the already flow restricted artery, causing a 
possible heart attack or stroke (Egbrink et al., 2005). An illustration of atherothrombosis is 
shown in figure 3.2. 
Figure 3.2. Atherothrombosis (NIH National Heart Lung and Blood Institute, 2007) 
Up to 1/3 of atherothrombosis in coronary plaques occUr without rupture (Virmani et al., 
2006). The effects of which are often seen downstream due to embolization. Aggregate formation 
that occurs at the stenosis or in the distal region will embolize and travel downstream to block 
flow in a smaller diameter artery or different stenosis (Egbrink et al., 2005). This process is 
linked directly to complex flow conditions and both low and high shear rates found in these 
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regions. It is theorized that platelets exhibit inereased adhesion and aggregation at these junctures 
due to increased activation from high shear rates and the complex flow conditions that provide 
greater exposure to adhesive substrates in the vessel wall (Einav and Bluestein, 2004). Ultimately 
embolization leads to the same undesired result as plaque rupture. 
3.5. Stenosis Hemodynamics 
Shear stress (r) is defined as the tangential force per unit area exerted in the direction of 
flow (de Groot and Sixma, 2002). And is related linearly to shear rate (duldr) by the following 
relationship with viscosity (Il): 
du 
-r(r)=p*-
dr 
(3.1) 
Within a cylindrical vessel and for a Newtonian fluid undergoing ID, steady flow, the following 
equation with volumetrie flow rate (Q) and radius (r) can be applied to obtain wall shear stress. 
(3.2) 
Although blood is not considered a Newtonian fluid, the above provides a good estimate 
at high shear rates. Within the body, shear rate ranges from values of 0 S-l (no flow) to greater 
than 10000 S-l in capillaries and stenotic arteries, of which anything greater than 1300 S-l can be 
considered high shear (de Groot and Sixma, 2002). 
Coronary stenosis of significant size most often occur on only one side of the artery wall. 
This asymmetric geometry creates a unique hemodynamic pattern with large spatial gradients in 
fluid and wall shear stress. In this work, two idealized coronary artery flow geometries were 
investigated. A straight tubular model which pro duces simple 1 dimensional laminar flow 
(equation 3.2) and a 75% asymmetric model (figure 3.3). 
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Inlet 
Peak 
r---i 
Proximal 1 Outlet 
Figure 3.3. Straight and Stenosis Coronary Artery Model 
Flow patterns and shear rates in the 75%, by area occlusion, stenosis model are difficult to 
characterize but have been investigated in previous studies. The inlet of this model will 
experience fully developed laminar flow and an average WSS, just like the straight model. More 
complex flow and variable shear patterns begin to occur in the proximal region. 
A study done by Kaazempur-Mofrad et al. (2005) that looked at mass transport and fluid 
flow in a 56 % area reduction asymmetric stenosis nicely illustrates flow patterns produced in our 
model. In the proximal region, flow accelerates into the converging part of the stenosis and the 
non-symmetric geometry creates secondary flow directed to the healthy wall (opposite the 
stenosis). Both flows combine to produce separation immediately before the apex of the stenosis. 
Distal to the stenosis, a complex retrograde flow zone exists. The high momentum fluid core 
coming out of the stenosis throat will interact with the complex retro grade flow zone, creating 
flow recirculation along the diseased wall. Figure 3.4 illustrates the flow features and figure 3.5 
shows the wall shear stress created. 
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ID Flow 
.. 
Recirculation 
Figure 3.4. Idealized Flow Features in an Asymmetric Stenosis 
,; Diseased 
Through Focus 
Ob-~~~~O~~~~~~5~~~~~~10~~~~~~1~5~ 
-1 zlD 
Figure 3.5. Asymmetric Stenosis Normalized Wall Shear Stress (WSS) (z - distance from the stenosis peak, D 
- normal vessel diameier) [Adapted from Kaazempur-Mofrad et al. (2005)] 
For our application, all of these findings can be simplified and summarized as shown in table 3.1. 
Region 
[nlet 
Proximal 
Peak 
Distal (Healthy Side) 
Distal (Diseased Side) 
Outlet (Healthy Side) 
Outlet (Diseased Side) 
Flow Pattern(s) 
Fully Developed Laminar 
Acce1erating 
Acceleration and Expansion 
Fluid Core Expansion 
Retrograde, Recirculation 
Fluid Core Expansion 
Forward Re-establishing Laminar ID 
Relative Wall Shear Stress 
Average 
High 
High 
High to Average 
High to Very Low 
Average 
Low to Average 
Table 3.1. Estimated Relative Shear Stress and Flow Patterns - Asymmetric Stenosis 
3.6. Other Models 
Researchers have discovered the importance of the effect of shear stress and complex 
flow conditions in stenotic arteries on platelet activation and thrombus formation and, 
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consequently, many other in-vitro studies have been published about this relationship. Sorne of 
the most relevant are summarized with their results and limitations below. 
3.6.1. Annular Perfusion Chambers 
Annular perfusion chambers developed by Baumgartner were the first successful in-vitro 
device to be used for the se types of studies (Sakariassen et al., 2001). Briefly this model 
consisted of a central cylindrical rod that was covered by exverted rabbit or human 
subendothelium. This rod was fit inside a larger diameter tube and blood flow was directed into 
the annulus. The shear rate was adjusted by either changing the flow rate or width of the annulus. 
Using morphological criteria, the adhesive and cohesive function could be differentiated and 
quantified by means of morphometric procedures. This method was the first to highlight the 
importance of vWF, GP !bu and integrin UlIb~3 at high shear rates (Turitto and Baumgartner, 
1974). Disadva!ltages of this model resulted from the difficulty of preparing and exverting the 
subendothelium, expense of analyzing the results and the invalid annular flow geometry. 
Consequently, studies using this type of model are hardly done anymore but have been employed 
as recently as 2004 to test the affect of anti-inflammatory drugs on platelet/subendothelium 
interaction (Hernandez et al., 2004). 
3.6.2. Cone and Plate Viscometer 
A cone and plate viscometer works by subjecting blood or other fluids to high shear rates 
by sandwiching the fluid between a plate and cone, and rotating the cone to get the desired shear 
rate. The general setup is shown in figure 3.6. 
e Cone, xadius r 
~~=Îiiiiiil~=E-Plate 
Figure 3.6. Cone and Plate Viscometer 
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Torque is applied to rotate the cone at a constant angular velocity relative to the plate. Keeping 
constant angular velocity achieves an equivalent shear rate for all fluid segments due to 
increasing distance between the co ne and plate as a functÏon of distance from the axis. Many 
studies have used this basic set-up and resulted in sorne significant findings. For instance, it has 
been repetitively shown that platelet activation increases under high shear conditions through the 
increased activity of GP Ibu - vWf binding (Goto et al., 1998; Leytin et al., 2004; Shankaran et 
al., 2003). Unfortunately, the exposure time of platelets to high shear in most of these 
experiments is significantly longer that those experienced in-vivo. Accordingly, others have 
tested for platelet activation under exposure times of 1-2 seconds and found that high shear stress 
alone is not sufficient to activate and aggregate the platelets (Zhang et al., 2002; Zhang et al., 
2003). Thus, showing the other factors must be accounted for in these types of studies. Exposure 
time is not the only factor that is simulated incorrectly by cone and plate experiments. For 
instance,the surface of which platelets are in contact with is generally stainless steel not the 
complex vessel wall components platelets are physiologically exposed to. Consequently, 
experimental apparatuses have been designed to better simulate in-vivo conditions. 
3.6.3. ParaUel Plate Perfusion Chambers 
The parallel plate flow chamber is likely the most commonly used experimental apparatus 
for shear stress/cellular component interactions due to the ease in which the resuIts can be 
analyzed and ability to investigate vessel wall component interactions under weIl controlled and 
reproducible conditions. The general experimental setup of a parallel plate flow chamber in 
shown in figure 3.7. 
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l :Botlom. S:ide 
'----- (VeJU"ed Sub~trate) 
Figure 3.7. Parallel Plate Perfusion Chamber (Arizona State University, 1999) 
For platelet experiments, a thombogenic surface is seeded on the bottom slide and exposed to 
flowing blood or plasma at varying shear rates (de Groot and Sixma, 2002). The advantage of the 
system results from the ease in which interactions can be analyzed immediately after the 
experiment due to having a flat and accessible surface to work with (Sakariassen et al., 1988). 
Many important findings on the relationship between platelets and components of the ECM have 
resulted. For instance, it has been shown that immobilized thrombin also plays an important role 
in activating platelets via GP Iba (Weeterings et al., 2006). Furthermore, after activation, the 
requirement of integrin allb~3 and fibrinogen or vWf for forming stable aggregates has been 
discovered (Goto et al., 1998; Kulkarni et al., 2000; Ruggeri et al., 2000). Although significant 
results, such as those presented here, have come out of these studies, the geometry used is not 
comparable to in-vivo and further research should focus on using more accurate model geometry. 
3.6.4. Parallel Plate Perfusion Chambers with Stenosis 
Barstad et al. (1994, 1996) came to a similar conclusion about the inappropriate geometry 
of parallel plate perfusion chambers and developed a model containing a cosine shaped stenosis. 
Basically this was the same setup as the parallel plate perfusion chamber previously described 
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except a steno sis was added with area reductions of 60% to 90%. This resulted in shear rates 
ranging from 2600 to 32000 S-l, respectively. At these shear rates, it was found that increased 
thrombus formation occurred at the apex of the stenosis when compared to flat models. This 
result is significant in that it shows the importance of geometry on platelet adhesion, activation 
and geometry, but the model still incorporates the erroneous flat plate profile as weIl as 
unrealistically large shear rates in sorne of the studies. 
3.6.5. Column and Tubular Perfusion Chambers 
Likely the first of this type to be developed was the glass bead perfusion column. InitiaUy 
used as a simple way to test platelet adherence and retenti on, the model consisted of simple tubes 
of approximately 3 mm ID packed with smaIl glass beads (Rossi and Green, 1972; Salzman et 
al., 1963). More recently, copolymer plastic sphere beads coated with type I coIlagen were 
developed to replace glass beads (Kaneko et al., 2005). This removed the glass effect and 
resulted in a model that is doser to in-vivo conditions. Results from studies with these models 
have shown the importance of shear on the GP lb - vWF binding pathway as weIl as the adhesion 
abilities of specific ECM proteins (Kaneko et al., 2005; Polanowska-Grabowska et al., 1999). 
Badimon et al., (1986) were the first to develop tubular models to test platelet adhesion 
and aggregation on exposed components of the vessel wall. In general, their studies showed that 
platelet deposition increased with both increasing shear stress and perfusion time. Another model 
recently used has been perfusions through microcapillaries coated with vWF (Maxwell et al., 
2006). Researchers have been able to foIlow up on the biomechanics and biochemical reactions 
involving vWf under shear conditions. The geometry of these studies is doser to in-vivo 
conditions, but still missing the complex flow pattern observed in stenotic arteries. 
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Consequently, stenotic models have been developed with tubular geometries (Bluestein et 
al., 1997; Einav and Bluestein, 2004; Jesty et al., 2003; Schoephoerster et al., 1993). Jesty et al. 
(2003) used a 2.8 mm diameter tube connected with a 0.97 mm tube, then reconnected to the 
larger diameter tube to simulate a stenosis. The length of the smaller 'stenotic' tube was varied 
from 0 - 1.5 meters and, after the perfusion, platelet rich plasma was tested for platelet activation. 
They determined that both high shear and the duration of that shear was responsible for increased 
platelet activation. Problems with this method come from the unrealistically long stenotic region 
and, subsequently, duration of the shear pulse. Schoephoerster et al. (1993) looked at platelet 
adhesion in an axisymmetric stenosis (84% by are a) Lexan model and other geometries via 
perfusion with platelet rich plasma containing I11In labelled platelets. They found platelet 
adhesion to be maximum in the distal region and minimum at the peak of the stenosis. More 
generally, their model showed increased platelet adhesion in periods of flow recirculation and 
reattachment and minimum adhesion in locations of high shear and separation. Although, this 
study is significant since it uses a tubular stenosis model, it still does not incorporate any vessel 
wall components and other steno sis geometries should be considered since symmetric stenoses 
represent only l/8th of cases (Brown et al., 1984). 
To overcome the limitations of the previously mentioned models, we have developed a 
transparent, non-toxic asymmetric coronary flow model. In this thesis, the model was used to 
evaluate the link between platelets and shear stress interactions and determine if asymmetric 
steno tic arteries increase platelet adhesion. 
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4. Material and Methods 
4.1. Model Preparation 
Bigaussian, 50% by area occlusion, asymmetric stenosis and straight 3 mm diameter 
coronary artery models were prepared using a procedure developed in our labo Due to fabrication 
limitations and the need to model a significant plaque, the stenotic models were also pinched to 
increase the size of the occlusion (-75%). To construct a casting block of the model lumen, a 
computer assisted design (CAD) model ofthe asymmetric stenosis lumen was created, figure 4.1. 
Figure 4.1. Asymmetric Stenosis CAD Model 
From this mode!, acrylic casting blocks were computer numerical control (CNC) machined into 
molds that were used to cast the simulated lumen arteries (figure 4.2 (a) and (b)). To ensure 
uniformity and accuracy of the lumen casts, the molds were cooled to -20°C in a laboratory 
freezer. Once cooled, ice crystals were removed from the interior of the mold and low melting 
alloy (Cerrolow-117, BeUefont, PA, USA) heated to 55°C was poured inside. The mold was then 
placed back into the freezer and, after cooling; the simulated lumen was removed and poli shed 
using micro-grit (600P) sandpaper and a Dremel™ tool (300-1150 Series, Racine, WI, USA). 
Figure 4.2. (a) Acrylic Lumen Mold - Side View (b) Acrylic Lumen Mold - Front View (c) Final Alloy Casts 
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The alloy casts were then placed in a container and Sylgard 184® (Dow Corning, PA, USA) 
polymerized around the cast. 
Figure 4.3. Acrylic Wall Mold Containing Low MeIting Alloy Lumen Cast 
Sylgard 184® was prepared in volumetrie flasks using a 10:1 ratio of elastomer base to curing 
agent, then mixed and degassed in a vacuum chamber (Alcatel, QC, Canada) until no bubbles 
were visible. The mixture was then slowly poured into the mold shown in figure 4.3 and allowed 
to sît at room temperature until any bubbles formed in the pouring process rose to the top. Plastic 
connectors (5121K15 (3/16"), McMaster Carr, USA) are then fitted onto the top of the lumen 
alloy mold and the models are placed in an oven (Fisher Scientific, USA) at 37°C and left 
overnight for curing. Afterwards, the models were carefully uncast and any excess Sylgard 184® 
was trimmed using a razorblade. 
Figure 4.4. Asymmetric and Straight Sylgard 184® Models 
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4.2. Model Preparation and Coating 
Before use in the perfusion experiments, each model was sterilized in boiling water for 30 
minutes and hydrophilized by injecting 70 % sulphuric acid (A-300-500, Fisher Scientific, USA) 
into the interior and letting sit for 45 minutes. This procedure ensures wetability for collagen 
attachment and reduces the risk of contamination. To coat the interior with collagen, 0.1 % 
collagen type 1 from calf skin (C8919, Sigma-Aldrich Inc, MO, USA) and sterile water was 
combined on a 1/10 basis. One ml of the resulting solution was then pipetted into the model 
interior and left to adhere to the model interior wall for three hours, rotating the model every 30 
minutes to obtain a uniform coating. After this time period, the model was placed in the oyen at 
37 oC to evaporate the coating solution. This process takes about 48 hours, after which the final 
coated models are stored at 3 oC until use. 
4.3. Coating Verification 
The attachment of collagen to the surface was verified with attenuated total reflectance 
Fourier transform infrared spectroscopy (ATR-FTIR) (Brucker 27, Bruker, Germany) analysis 
with a mid-IR interferometer and 17 bounces. This technique works by utilizing the fact that 
bonds vibrate at characteristic frequencies when exposed to infrared light. The samples 
transmittance and reflectance of infrared rays at different frequencies are transformed into an 
adsorption plot during the procedure. This plot can then be analyzed to determine what bonds the 
specimen contains and its ensuing identification elicited. For our experiment we obtained the 
spectrum of non-coated Sylgard 184® and compared that to Sylgard 184® coated with collagen 
according to the previously described coating procedure. And, for further comparison purposes, 
we analyzed Sylgard 184®, coated with de-ionized water using our collagen coating procedure. 
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4.4. Perfusion Experiments 
4.4.1. Platelet Rich Plasma Preparation 
Platelet rich plasma (PRP) was chosen as the perfusion fluid and prepared as follows. 
First, blood was obtained from healthy pigs that had not been on any platelet altering medication 
over the previous 10 days. 100 ml was drawn from the anti-cubetal vein or directly from the heart 
into two 60 cc syringes each containing 10 cc of citrate dextrose (Baxter Healthcare Corp., IL, 
USA). PRP was prepared by initially centrifuging anti-coagulated whole blood at 1800 rpm for 
15 minutes. The supernatant was then transferred to clean 50 ml centrifuge tubes (2) and the 
pellet, containing mostly red blood cells, was discarded. Centrifugation of this supernatant for 10 
minutes at 2700 rpm created a separate platelet poor plasma (PPP) solution and pellet containing 
mostly platelets. The supernatant, PPP, was then transferred to new tubes (2) and centrifuged for 
20 minutes at 3500 rpm to remove any remaining cellular components. Both pellets are re-
suspended in 10 ml of citrate buffer solution (pH = 7.4) and combined to< make one platelet, 
citrate buffer solution. This solution was then centrifuged at 2200 rpm for 10 minutes, the 
supernatant aspirated and pellet re-suspended in PPP to make PRP. An automated cell counter 
(T890, Beckman Coulter Inc., CA, USA) was used to adjust the PRP to a final platelet 
concentration of approximately 250 x 106/ml (no less than 200 x 106/ml or greater than 300 x 
106/ml). Figure 4.5 shows a step by step schematic of this isolation procedure. 
4.4.2. PRP Viscosity and Reynolds Values 
Windberger et al. (2003) found the viscosity of pig plasma to be 1.58 mPa*s using an 
oscillating capillary rheometer and densitometer. We took this to be equivalent to PRP viscosity 
since platelets take up negligible volume in the solution. From this value the Reynolds number 
was calculated to be 252 in the normal flow region and approximately 505 at the stenosis apex. 
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Figure 4.5. Step by Step Isolation Process 
4.4.3. Perfusions 
Perfusions with PRP were done through four models placed in parallel. Two stenosis 
models, one collagen coated, one non-coated and two straight models, one collagen coated, one 
non-coated. Prior to perfusion, each model was dip rinsed in physiological saline, attached to 3 
mm diameter tubing and immersed in a thermostatically controlled Lauda water bath (Brinkmann 
Instruments, ON, Canada) at 37°C. PRP, 15 ml per model, was heated in the water bath to 37°C 
and then circulated through for a 15 minute time period at a flow rate of 53 ml/min by a 
peristaltic pump (model 7524-40, Masterflex, Cole-Parmer Instruments Co., QC, Canada). These 
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flow conditions correspond to a shear rate of 333 S·1 at the inlet (3 mm diameter region) and 
increases to -5100 S·1 at the peak of the 75% stenosis. Numerical simulations still need to be 
completed to define aIl regions of the stenotic model. Following perfusion, the models are dip 
rinsed in phosphate buffer solution (PBS) (BP399-1, Fisher Scientific, USA), and immersed in 
tubes containing tissue fix (TissueFixMD, Chaptec, QC, Canada) in preparation for fluorescent 
microscopyanalysis. 
Figure 4.6. Perfusion Set-up 
4.5. Fluorescent Microscopy and Area Percent Analysis 
Peristaltic 
Pumps 
Models in 
Parallel (4) 
WaterBath 
@37°C 
Each collagen coated or non-coated control model to be analyzed was bisected 
longitudinally to expose the inner wall surface. The segments were then placed in a solution of 
mepacrine (quinacrine dihydrochloride, Sigma-Aldrich Inc, MO, USA) at a concentration of 100 
mM. Mepacrine concentrates in platelet granules and fluoresces when exposed to blue Iight. After 
90 minutes, individual segments are removed, dip-rinsed in de-ionized water to remove any 
residual mepacrine and imaged using a inverted light microscope with fluorescent attachment 
(Leica DM IL, Leica Microsystems, UK). For analysis purposes, ail models were marked on the 
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model wall to indicate the 5 different regions as shown in figure 4.7. It should be noted that 
although the straight models do not have a 'peak' region, one was included for comparison 
purposes. 
Peak 
Inlet Proximal Distal Outlet 
1----------- 4 cm ----------1 
Figure 4.7. Regional Model Separation 
Three randomized pictures at 4X magnification of the inlet, proximal, peak, distal and outlet 
sections were taken of each model half using a digital camera (Leica De 300, Leica 
Microsystems, UK) linked to Adobe®Photoshop® software. Overall a total of 30 pictures were 
taken of each model. 
These pictures are then analyzed for percent area coverage using ImageJ® (National 
Institute of Health, USA) and Adobe®Photoshop®. This was do ne by first converting each color 
Photoshop picture to grays cale tiff format (Figure 4.8) 
(a) (b) 
Figure 4.8. (a) Color Fluorescent Microscope Image (b) Converted Grayscale Image 
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The grayscale image could then be easily analyzed using ImageJ® to come up with an area 
percent platelet coverage value for each picture. A final area percent coverage was obtained for 
each region by taking the average of the results for all six pictures. Area percent results were then 
normalized based on the inlet values before analysis to easily compare multiple experiments and 
eliminate any differences caused by different PRP concentrations and platelet interaction due to 
using blood from different pigs in each experiment. Nonnalization was done by converting area 
percent values (A) to relative values (R) using the following fonnula for each model; 
R=~ X 
AInlet 
(4.1) 
where the subscript X represents any of the five regions. 
4.6. Radiolabelling and Gamma Counter Analysis 
4.6.1. Radiolabelling Platelets 
ln sorne experiments, platelets were radiolabelled by adding an extra step to the isolation 
procedure. Following the aspiration of citrate from the centrifuged platelet and citrate buffer 
solution, two ml's of citrate buffer were added to the platelet pellet along with 250 fJCi"'ln 
(Amersham International, UK). This mixture was left to incubate for 15 minutes in a fume hood 
to allow time for platelet-IIIIn binding to occur. Unbound "'In along with citrate buffer was then 
removed by centrifuging at 2000 rpm for 8 minutes. The supernatant, containing unbound "'In in 
citrate buffer, was disposed of and the radiolabelled platelet pellet resuspended in ppp to make 
PRP. Two 50 fJl samples ofPRP were taken into gamma counter tubes before proceeding. 
4.6.2. Gamma Coullter 
After the perfusion with radiolabelled PRP, the models were dip rinsed in PBS and prepared 
for gamma counter (1470 Wallac Wizard, PerkinElmer, USA) analysis. Pirst, the 3D models were 
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horizontally cut into four 1 cm segments: inlet, proximal, distal and outlet. Note that the earlier 
defined peak section was split between the proximal and distal regions in with this experimental 
procedure. Each of these segments was then placed into gamma counter tubes containing tissue 
fix. The tubes were positioned in the gamma counter trays along with the two PRP samples, 
making a total of 18 tubes. Count per minute (Cpm) results were then obtained for each model 
region and the PRP samples. To come up with adhered platelets per mm2 (Plt/mm2) values for 
each region the foUowing calculations had to be made. First, the number of platelets per Cpm 
(Plt/Cpm) is ca1culated from the Cpm for sample PRP (CpmPRP) and the final PRP platelet 
concentration (PRPP1t) 
PRPplt Plt/Cpm 
Cpm *1000/ 
PRP /50 
followed by the subsequent equation involving segment length (l) and diameter (D) 
Plt/mm 2 Cpmsegment *Pltj *100 
1liD jCpm 
(4.2) 
(4.3) 
Results for each section of aU four models could then be easily compared on a per square mm 
basis. 
4.6.3. Rlank Radioactive Solution Test 
To determine if Sylgard l84® models were picking up any residual lllIn that may have 
been left in the PRP solution, the following procedure was employed. First, 10 !lCi of JUIn was 
mixed with 2 ml of deionized water. One ml of this solution was then injected into a non-coated 
straight model and left inside for 15 minutes, rotating 1800 once. After this time period, the 
solution was drained, model dip rinsed in PBS and placed in tissue fix for 10 minutes. The model 
was then removed, cut into Il mm sections and each section placed in a centrifuge tube to be 
analyzed with the gamma counter. 
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4.7. Statistical Analysis 
Statistical analysis was perforrned using GraphPad Prism TM software. Two way analysis 
of variance (ANOV A) followed by Bonferroni post testing with a 95% confidence interval was 
used to compare both model and regional results. P values less than 0.05 were considered 
statistically significant. 
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5. ResuIts 
5.1. Collagen Coating Verification 
To verify the presence of collagen, ATR-FfIR analysis was conducted. Figure 5.1 shows 
the results for non-coated and collagen coated Sylgard 184®. 
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Figure 5.1. FTIR Spectrum of Sylgard 184® (Blue) and Collagen Coated Sylgard 184® (Red) 
Only peaks at wavelengths > 1400 cm- l were analyzed for both spectrums since peaks less than 
this are generally considered inelevant for identification purposes. The Sylgard 184® spectrum 
exhibited two important peaks; a sharp strong peak around 2950 cm- l and sharp medium peak at 
1400 cm- I . As expected, Sylgard 184® coated with collagen resulted in a similar pattern to blank 
Sylgard 184® but with a few extra peaks. The spectrum contained three weak broad peaks around 
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1600 cm- l and single weak broad peak at 3300 cm- l additional to the same two sharp peaks at 
2950 cm- l and 1400 cm- l . 
To further verify that the extra peaks in the coated spectrum were from collagen, we 
subjected Sylgard 184® to the same coating procedure but with de-ionized water only (figure 
5.2). 
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Figure 5.2. FTIR Spectrum of Sylgard 184® (Blue) Coated with De-ionized Water 
Comparing to figure 5.1 we see that the peaks identified to be from a protein in the collagen 
coated spectrum are not present in the de-ionized water spectrum and the only peak present is the 
same sharp strong peak observed at 2950 cm-1 as in both other spectrums. 
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5.2. Platelet Rich Plasma Properties 
Prior to the experiments, the PRP concentration for all experiments was deterrnined (table 
5.1). Platelet count per minute was also measured for the gamma counter experiments. 
Method # PRP Concentration (d06/mI) PIt/Cpm 
Gamma Counter 1 141 83 
2 239 372 
3 241 284 
Fluorescent Microscopy 1 201 
2 257 
3 296 
4 297 
5 252 
6 272 
7 243 
Table 5.1. PRP platelet concentration and platelet per count per llÙnute (gamma counter analysis only) data 
for ail 10 perfusion experiments. 
* The cell counter used is considered to be accurate within +/- 10 % 
Bach of the PRP platelet counts for the fluorescence experiments fell within the 200-300 million 
platelets per ml range but the first gamma counter experiment concentration fell below at 141 
million platelets per ml. Although this was not in our specified range, the experiment was still 
deemed valuable for analysis purposes. In general, the coefficient of variation for the gamma 
counter and fluorescent experiments was 27.6 % and 12.8 %, respectively. 
5.3. Gamma Counter 
Following perfusion, models to be analyzed with the gamma counter were cut into lOmm 
segments corresponding to the four regions of interest: inlet, proximal, distal and outlet. Count 
per minute data was obtained from the gamma counter and corresponding adhered platelets per 
square mm results calculated. Both sets of data, for the straight and stenosis models, are shown in 
tables 5.2 and 5.3, respectively. 
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# Collagen Coated Model [Cpm/(Pltlmm1)] 
1 [14.9/1312] [4.9/431] [8.0/704]] [1.8/158] 
2 [22.4/8861] [45.8/18040] [38/14996] [40.7/16089] 
3 [582.1/175316] [35.9/10823] [96.2/28965] [47.8/14397] 
# Non Coated Model [Cpm/(Pltlmm2)] 
1 [21.5/1892] [21.6/1901] [28.9/2544] [4.9/431] 
2 [38.4/15167] [62.9/24713] [47.9/18906] [46.3/18288] 
3 [97.6/29387] [55.1116586] [42.5/12801] [67.9/20441] 
I:nlet Proxhnal Distal Outlet 
Table 5.2. Count per minnte and adhered platelets per square mm data for both the collagen coated and non-
coated straight models 
For the collagen coated straight model (runs 1, 2 and 3) the platelet per square mm coefficient of 
variation values were 75.7%, 27.4% and 137.7%, respectively. Resultant mean values for each 
run were 651, 14501 and 57375. The corresponding coefficient of variation for the non-coated 
model were 52.8%,20.7% and 35.9%, and, similarly, ca1culated mean values were 1692, 19268 
and 19804. 
# Collagen Coated Model [Cpm/(Pltlmm1)] 
1 [51.8/4560] [39.4/3998] [17.9/1816]] [30.3/2667] 
2 [34.8/13732] [33.4/15192] [25.9/11777] [10.5/4715] 
3 [75.3/22690] [70.2/24362] [44.3/15381] [50.7/15281] 
# Non Coated Model [Cpm/(Pltlmm1)] 
1 [17.2/1514] [26.5/2689] [12.9/1309] [28.2/2482] 
2 [41.5/16405] [44.1120094] [28.0/12749] [27.6/10901] 
3 [59.1117791] [53.0/18390] [41.5/14397] [65.3/19658] 
Inlet Prox:i:J:nal Distal Out:let 
Table 5.3. Average count per minute and adhered platelets per square mm data for both the collagen coated 
and non-coated stenosis models. 
For the collagen coated stenosis model (runs 1,2 and 3) the platelets per square mm coefficient 
of variation values were 38.3%, 43.8% and 24.6%, respectively. Subsequent mean values for 
each run were found to be 3260, 11216 and 19428. The corresponding coefficient of variation 
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for the non-coated model are 34.4%, 27.1 % and 12.8% and, similarly, calculated mean values 
were 1998, 15037 and 17559. 
Adhered platelet values were also converted to normalized data relative to the inlet value 
for each of the runs in the same manner as for the fluorescent microscopy analysis experiment. 
Figure 5.2 shows the results. 
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Figure 5.2. Normalized adhered platelet average for the ail the ruus (+/. std error). (N=3) 
For this normalized data, a number of points in the proximal, distal and outlet regions were 
outside standard error of each other. 
5.3.1. Blank Solution Results 
The blank radioactive solution test completed to determine whether the Sylgard 184® 
model was picking up residual lllIn gave the following Cpm results for the four segments: 
312535,243897,410614 and 285077, giving an average of 313013. 
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5.4. Fluorescent Microscopy Analysis 
The gamma counter results were biased by Slygard 184® picking up residual 
radioactivity. Fluorescent microscopy analysis was used to visualize and quantify attachment. 
5.4.1. Sam pie Pictures 
A wide range of platelet adhesion was seen amongst the experiments analyzed using the 
fluorescent microscope and this is illustrated by figure 5.4. The bright green circular objects are 
fluorescing platelets and the surrounding black background is non-fluorescing Slygard 184®. 
(a) (b) 
Figure 5.4. Fluorescent microscope image (a) High platelet adhesion (b) Low platelet adhesion 
5.4.2. Area Percent Coverage 
Figures 5.4 (a) and (b) resulted in platelet area percent coverage of 5.000% and 0.522%, 
respectively. OveraU, the range of coverage for aU the images from the fluorescence microscope 
analyzed experiments was 0.064 - 5.109%. The average area percent coverage, standard deviation 
and coefficient of variance were calculated for each model and are shown in table 5.4. 
Model Mean (%) Standard Coefficient of 
Deviation Variance (%) 
Straight Coated 1.18 0.90 42.57 
Stenosis Coated 1.13 1.09 39.91 
Straight Non-Coated 1.19 0.99 39.42 
Stenosis Non-Coated 1.06 0.93 36.40 
Table 5.4. Mean platelet area percent coverage and corresponding standard deviation and coefficient of 
variance for each model (N=7) 
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Adhesion results obtained from the fluorescent microscope experiments were analyzed to 
determine if overall average platelet coverage was significantly different between the four 
models, stenosis coatedlnon and straight coatedlnon. The peak was left out of analysis since it 
overlaps proximal and distal regions. 2-way ANOV A analysis with Bonferroni post testing 
showed that neither coating nor type of geometry had an effect on platelet adhesion. 
5.4.3. Regional Comparison 
The fluorescent values were normalized by the inlet value of each model to reduce the 
error associated with PRP concentration, staining and imaging. Figure 5.5 shows the regional 
results. 
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Figure 5.5. Normalized platelet coverage for each region of each model (+/- std error). (N=7) 
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Next question to be determined was whether the different regions of each model had a significant 
effect on platelet adhesion. Adhesion varied significantly with location in the coated stenosis 
model (2-way ANOV A, Bonferroni post test). Table 5.5 summarizes the results. 
Model Straight Stenosis Straigbt Stenosis 
Res.i°ns Coated Coated Non-Coated Non-Coated 
Inlet ns ns ns ns 
Proximal 
Inlet ns ns ns ns 
Peak 
Inlet ns ** ns ns 
Distal 
Inlet ns ns ns ns 
Outlet 
Proximal ns ns ns ns 
Peak 
Proximal ns * ns ns 
Distal 
Proximal ns ns ns ns 
Outlet 
Peak ns * ns ns 
Distal 
Peak ns ns ns ns 
Outlet 
Distal ns ns ns ns 
Outlet 
Table 5.5. Comparison of average overall adhesion for each of the model variations. 
ns-Not Significant (p value> 0.05) * Significant (p value < 0.05) ** Very Significant (p value < 0.001) 
The distal segment showed a significant difference in adhesion of platelets in the collagen coated 
model. This region exhibited significantly greater normalized platelet coverage than the inlet, 
proximal and peak regions of the mode!. More specifically the distal region compared to the inlet 
region had a p-value less than 0.001, while the distal compared to the proximal and peak region 
had p-values less than 0.05. 
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6. Discussion 
Tubular, 3D, asymmetric stenosis and straight coronary artery models were used to 
investigate the relationship between platelet adhesion and flow patterns and resulting shear stress. 
Very few researchers have attempted to study this relationship using tubular models in the past 
due to the difficulty in building models and analyzing the results. However, traditional cone and 
plate and parallel plate models cannot accurately reproduce coronary hemodynamics. The 
challenges associated with these models were understood and appreciated very soon into the 
study. In particular, our initial analysis method utilizing the gamma counter was shown to be 
erroneous due to the models picking up residual radiation and, consequently, skewing the results. 
We were able to overcome this challenge and achieve significant results by utilizing fluorescent 
platelet labelling and imaging techniques. With this method we showed that platelets under flow 
are significantly more likely to adhere to the distal region of our 75% asymmetric stenosis 
collagen coated model than the inlet, proximal and peak regions. This result emphasizes the 
significance of this region in the initiation of coronary heart disease. 
6.1. Coating Verification 
To verify that the protein coating procedure was working we analyzed collagen coated 
and uncoated model samples with ATR-FTIR. The uncoated Sylgard 184® spectrum showed a 
sharp strong peak around 2950 cm-1 and sharp medium peak at 1400 cm-l, likely corresponding to 
-CH- and -CH2 stretching, respectively (Lambert et al., 1999). As expected, Sylgard 184® coated 
with collagen resulted in a sirnilar pattern to blank Sylgard 184® but with a few extra peaks 
(figure 6.1). The three weak broad peaks around 1600 cm-1 and single weak broad peak at 3300 
cm- I suggest that the sample contains amide (-CONH2) bonds (Lambert et al., 1999). The peaks 
at 1600 cm-1 are likely due to the C=Û stretching and -NH2 deformation, while the peak at 3300 
34 
cm- I may be from _NH2 stretching (Lambert et al., 1999). When further comparing the collagen 
coated spectrum to the de-ionized water coated Sylgard 184®spectrum we see that the later shows 
only one sharp strong peak around 2950 cm- I and none of the peaks identified as a protein. 
Overall, both of these observations clearly identifies a protein in the collagen spectrum only and 
confirms that collagen is coated on the model surface. 
6.2. Fluorescence Microscopy Imaging 
We decided to use mepacrine labelling and fluorescent ffiICroSCOpy to analyze our 
adhesion results as it allowed for visual confirmation and quantification of adhesion. A number 
of other researchers have used this method in the past and come to sorne interesting conclusions. 
For instance, Ruggeri et al. (2006) perfused whole blood containing mepacrine labelled platelets, 
at shear rates ranging from 3000 S-I to 24000 s-l, over a parallel plate flow chamber coated with 
collagen. To analyze the results they either captured video during the perfusion or imaged 
adhered platelets immediately after. They concluded that, under their experimental conditions, 
shear rates must exceed 10000 S-1 for platelets to aggregate and, furthermore exceed 20000 S-1 for 
these aggregates to be stable. Another research group, Goto et al. (2004, 2006) used a similar 
technique to look at the effect of different drugs on thrombi formed on collagen coated surfaces. 
They were able to show that a number of drugs could dissolve thrombi, giving hope to possible 
use of these drugs in the treatment of coronary heart disease. Although we don't necessarily agree 
with the first studies results, both findings gave us the confidence that this analysis technique 
would be useful to our study and could achieve significant results. 
6.3. Model Comparison 
It's difficult to compare our results to other in-vitro platelet studies since the geometry 
and model design is unique to work in the area. To overcome this, we must compare with 
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multiple studies that have sorne of the same features. To start, our results showed that there was 
no significance difference in overall platelet adhesion amongst any of the model types. This 
suggests that neither the coating nor geometry had an effect on overall platelet adhesion. When 
beginning our experiments we had theorized that coating with collagen, a thrombus promoting 
substrate, would allow for increased platelet adhesion when compared to the Sylgard 184® model 
surface. This was not the case as our results in table 5.4 and figure 5.5 c1early show. No other 
study has been published using Sylgard 184® as the substrate but we can refer to other studies 
that use a glass substrate. Chandy et al. (1998) looked at platelet adhesion to glass slides, protein 
coated and uncoated, via perfusions with blood, PRP and washed platelets. When using blood or 
PRP as the perfusion fluid, they found that the glass slides had more platelet adhesion and 
spreading when compared to collagen coated slides. When they used washed platelets as the 
perfusion fluid, they found the opposite to be true. Other studies, such as Zaidi et al. (1996), have 
found that collagen coated glass demonstrated more platelet adhesion than plain glass, but others, 
like Chandy et al. (1998) using blood and PRP, illustrate the opposite. Our study just happens to 
faIl in the middle of the debate. Perhaps most importantly, it shows the variability found in past 
studies done in this area and emphasizes the importance of using experimental conditions that 
emulate physiological conditions as best possible. 
Overall adhesion was not significantly affected by stenosis geometry (table 5.4). The 
regional data shown in figure 5.5 shows there is significant variation in platelet adhesion in the 
stenosis model with collagen coating. But, when looking at overall platelet adhesion in the 
model, this increase was not large enough to cause significant variation in total adhesion. The 
distal region of the stenosis coIlagen coated model showed significantly more normalized platelet 
area coverage than the inlet, proximal and peak regions (figure 5.5 and table 5.5). And, although 
not statistically significant, there was a trend towards increased platelet adhesion compared to the 
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outlet region. If adhesion is more likely with low WSS, our expected order of platelet adhesion, 
beginning with the highest, for each region wou Id be as follows: Distal, outlet, inlet, proximal, 
peak. This rank is what we found except the inlet region had lower platelet adhesion than the 
proximal and peak regions and the difference between distal and outlet platelet adhesion wasn't 
significant. 
When analyzing lower than expected inlet adhesion more c10sely we come to a few other 
theories about this result. PRP flows into the model and makes contact with the inlet region 
before any of the others. It' s possible that this initial contact will activate platelet receptors for 
collagen and make them more liable to adhere to the model further downstream. The inlet region 
would thus be activating platelets and, although sorne platelets adhere in the region, most will 
adhere to the regions downstream, resulting in lower than expected platelet adhesion. Another 
hypothesis for this result is that platelets do not adhere as soon as they contact an adhesive 
substrate, they actually exhibit rolling and translocation. Savage et al. (1998) used confocal 
imaging to view platelets in blood perfused at varying shear rates over a collagen coated parallel 
plate perfusion chamber. They found that vWf must first bind to collagen, exposing vWf's 
collagen binding site, before platelets can tether to the collagen wall via vWf. Platelets will then 
roll over vWf in the direction of flow until they reach stable arrest. Under a number of different 
conditions they found a large number of platelets, up to 90% of platelets in one experiment, 
exhibit translocation following initial tethering with vWf. This suggests that, in our study, 
platelets may initially tether to collagen via vWf in the inlet section but a large number of those 
will translocate downstream before reaching stable arrest. Ultimately, resulting in lower than 
expected platelet adhesion in the region. 
As discussed in section 3.3 and suggested by numerous previous studies, high shear stress 
increases platelet activation. Consequently, platelets activated in the high shear regions (proximal 
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and peak) may show increased adhesion in the regions that follow the stenosis: distal and outlet. 
Overall, the importance of the finding that platelet adhesion is greatest in the distal region must 
not he understated as it could lead to the development of better treatments for cardiovascular 
disease. For example, this is the first study to show that a thrombus may initialize post-stenotic, 
suggesting a geometric factor to plaque stability. 
Referring back to the literature review we find a number of other studies that have shown 
similar results when looking at platelet adhesion in a distal or pseudo distal region. Bluestein et 
al. (1997) perfused blood through an axisymmetric stenosis model and found platelet adhesion to 
be greatest in the distal region of their model, particularly in periods of recirculation. 
Schoephoerster et al. (1993) also came to a similar conclusion about increased platelet adhesion 
the distal region of their own axisymmetric model. Another interesting study do ne by Zhang et 
al. (2002) using a cone and plate viscometer showed that platelets become activated by a short, 
high shear pulse and will adhere and aggregate only if this pulse is followed by a period of low 
shear stress. This is very similar to the type of condition we find in stenotic arteries. The 
occlusion creates a high shear pulse and the distal region gives platelets the opportunity to adhere 
and aggregate in this low shear area. 
Unfortunately, aIl of these models still have a number of limitations. Both the 
Schoephoerster et al. (1993) and Bluestein et al. (1997) study use an axisymmetric stenosis. Ojha 
et al. (2001) studied the morphology of 17 right coronary arteries (ReA' s) and found that 71 % 
(12/17) showed eccentric intimaI thickening of the proximal region. A stenosis geometry very 
similar to our asymmetric model. Schoephoerster et al. (1993) used Lexan models with no 
coating and Bluestein et al. (1997) used glass models also with no coating. Our results clearly 
show that only the collagen coated stenosis exhibit any regional variation. By not having any 
38 
component of the vessel wall in contact with blood or PRP flow, they leave out important 
platelet-substrate interactions that would be occurring. 
To date our study is the most progressive in the area and the hope is that ifs only the start 
of many as we work our way towards replicating in-vivo conditions in platelet adhesion and 
thrombus formation in-vitro experiments. 
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7. Conclusions 
A 3D coronary stenosis model of platelet adhesion was developed and tested. With 
this method it was shown that platelets under flow are significantly more likely to adhere to the 
distal region of our 75% stenosis collagen coated models than the inlet, proximal and peak 
regions of that model. This regional adhesion difference was not shown when collagen was not 
present. Possible reasons for this are as follows: 
• The distal region follows a high shear pulse that may activate platelets 
• Low wall shear rates and flow recirculation zones in the region allow platelets to 
adhere to the vessel wall 
o verall , the results give us a better understanding of the effect of complex flow and shear 
conditions on platelet adhesion, activation and thrombus formation. And, perhaps most 
importantly, they emphasize the value of investigating local flow conditions when studying the 
initiation of heart attacks and strokes. 
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8. Limitations and Future Work 
8.1. Radioactive Platelet Adhesion 
A number of researchers investigating platelet adhesion have used the gamma counter 
technique to come to sorne interesting conclusions. For example, the previously mentioned 
Schoephoerster et al. (1993) study perfused a PRP solution containing I11In labelled platelets 
through 4 different model types. With the use of a gamma counter they found platelet adhesion 
density to be greatest in observed periods of flow recirculation and reattachment, and to be least 
in locations of high shear and flow separation when running perfusions at peak shear rates (S-I) of 
1312, 3926 and 7872. Unfortunately, we were unable to produce reliable results such as these 
with our experiments due to the discovery that Sylgard 184® models may have been picking up 
residual radiation remaining in the PRP solution. This was realized after injecting blank 
radioactive solution into a straight model, letting the model sit, rinsing and fixihg, and using the 
gamma counter to obtain Cpm results. An average Cpm of approximatély 300000 clearly 
indicated the models capacity to absorb residual radiation. This is likely due to IllIn molecules 
fitting into pores found on the model surface. Removal of the molecules would require significant 
agitation and cleaning of the surface. Doing this wou Id not be feasible following perfusions since 
platelets are adhered to the surface and would be removed in the process. 
8.2. Fluorescence Microscopy Imaging - Protocol Development 
One of the main reasons for choosing fluorescent microscopy imaging was so we could 
visually verify that significant platelet adhesion was occurring which was not possible with the 
use of a gamma counter. One perceived problem with using this method is that platelets may be 
aggregated and thus stacked on top of each other making it difficult to gain information about the 
actual number of platelets in one location. This is very much true and in aH likelihood we are 
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only seeing aggregates adhered to the surface due to the large size of the fluorescing particles. 
Nonetheless area percent analysis gives us a good idea of the relative number of platelets 
adhered. This can be further carried forward to explain the reason for normalizing the data based 
on the inlet platelet area percent coverage of each model. Since we are only getting relative 
platelet coverage data, normalizing, which is essentially further converting to relative data, 
doesn't adversely affect the results. Also, normalization helped to eliminate adhesion differences 
that may have occurred from using blood taken from various pigs and having different PRP 
platelet counts for each of our experiments. 
8.3. ln-vitro Model 
Although the use of 3D, tubular models to analyze platelet adhesion in coronary arteries is 
lessening the gap between in-vitro experiments and physiological conditions, additional 
modifications could be made to gain even more accuracy. 
8.3.1. Geometry 
The inclusion of an asymmetric stenosis within our 3D models was a real step forward but 
still does not fully represent the complexity of human coronary arteries. Our 4 cm model was 
straight, but in reality you will not find any region in the coronary arteries that is straight over 
this length. An illustration of the heart and main coronary arteries is shown in figure 8.1. It is 
quite clear that coronary ruteries bend and curve to accommodate the contours of the heart muscle 
and consequently, the model should attempt to represent the average geometrical structure as best 
possible. A right coronary artery model cast from an actual patient heart has been developed in 
our lab and could be used in future experiments on platelet adhesion. 
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Figure 8.1. Diagram of the Heart and Coronary Arteries (Texas Heart Institute) 
8.3.2. Model Coating 
The use of a complete human vessel wall would be the ideal for this study but it is 
extremely complex and difficult to replicate in-vitro. Nevertheless, an attempt should be made to 
incorporate the most important components when looking at platelet-vascular lining interactions. 
Future work in this study should begin with the inclusion of endothelial cells and other wall 
proteins such as fibrinogen. The inclusion of endothelial ceUs may be of particular importance 
since the se celIs have been shown to release vWf, at sites of inflammation that is larger and 
stickier than regular plasma vWf. This particular type of vWf increases adhesion in situations 
similar to our in-vitro study. 
8.3.3. Model Compliance 
Vessels in the body respond to changing physiological conditions by contracting, 
expanding and bending appropriately. Our tubular Sylgard 184® in-vitro models were designed to 
accommodate similar conditions found in-vivo. Unfortunately, our experiments were unable to 
fully replicate the complex action of a pumping heart. Future work should attempt to alleviate 
this concem. 
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8.4. Experimental Conditions 
A number of different factors can be improved upon with the actual running of our 
experiments. 
8.4.1. Perfusate 
Using PRP as our perfusion fluid worked well because we were able to avoid 
complications that may have occurred with the use of whole blood during perfusion and after 
when analyzing adhesion results. For instance, not only wou Id platelets be adhering to our model 
but so would neutrophils and other blood components. These additional components would create 
complexities when trying to determine platelet area percent coverage via fluorescence 
microscopy. However, the different interactions that would occur by using whole blood may have 
given different, more physiological accurate results and any future research in this area should try 
to work with the difficulties created in order to better replicate physiological conditions. 
Furthermme, using pig blood to produce PRP used in our experiments could c1early be 
improved upon with the use of human blood. For instance, pig plasma has a significantly higher 
viscosity then human plasma according to Windberger et al. (2003). Due to this and other 
dissimilarities, future work should involve human blood. 
8.4.2. Circulation 
In our study, a peristaltic pump was used to circulate PRP through our models. This type 
of pump uses rotating rollers to push fluid through the rubber tubing and downstream. Previous 
researchers such as Jesty et al. (2003) have shown that this roller action can increase platelet 
activation. Another limitation of this pump is that it creates a steady flow. The ideal flow 
condition for any blood flow experiments wou Id be pulsatile flow that simulates the hearts 
pumping action. Both of these limitations highlight the drawback with using this type of pump 
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for platelet activation and adhesion studies. These issues were known prior to beginning the 
experiment but no viable alternative was found to exist. Future workers on this project should be 
aware of the problem and be continually searching for new pumping technology that may 
improve on the current method. 
The use of different reservoirs for each of the models has recently been brought into 
question. By having separate reservoirs, platelets that are activated by perfusion through the 
stenotic models, are re-circulated through the same stenotic model. At first thought this appears 
to be the correct methodology but when relating it to physiological conditions, it may actually be 
better to have a single reservoir. This would be closer to reality since an blood is pumped through 
a central chamber, the heart, in the body. 
8.5. Experimental Justification 
Many limitations of our study have been presented in this section and could make sorne 
question its significance. Consequently, it's important to rémember why this study improves on 
previous work done in the area. We used an asymmetric stenotic artery model that has been 
shown to best represent the eccentric geometry found in diseased arteries. By using this model 
and keeping the other conditions, although not truly physiologie al accurate, similar to most 
experiments in the area, we were able to isolate the geometric effect. Ultimately showing that 
flow patterns created by an asymmetric stenosis directly contributes to thrombus formation. 
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